Currently, gastrointestinal segments are considered the gold standard for bladder reconstructive procedures. However, significant complications including chronic urinary tract infection, metabolic abnormalities, urinary stone formation, bowel dysfunction, and secondary malignancies are associated with this approach. Biomaterials derived from silk fibroin may represent a superior alternative due their robust mechanical properties, biodegradable features, and processing plasticity. In the present study, we evaluated the efficacy of a gel spun silk-based matrix for bladder augmentation in a murine model. Over the course of 70 d implantation period, H&E and Masson's trichrome (MTS) analysis revealed that silk matrices were capable of supporting both urothelial and smooth muscle regeneration at the defect site. Prominent uroplakin and contractile protein expression (α-actin, calponin, and SM22α) was evident by immunohistochemical analysis demonstrating maturation of the reconstituted bladder wall compartments. Gel spun silk matrices also elicited a minimal acute inflammatory reaction following 70 d of bladder integration, in contrast to parallel assessments of small intestinal submucosa (SIS) and polyglycolic acid (PGA) matrices which routinely promoted evidence of fibrosis and chronic inflammatory responses. Voided stain on paper analysis revealed that silk augmented animals displayed similar voiding patterns in comparison to non surgical controls by 42 d of implantation. In addition, cystometric evaluations of augmented bladders at 70 d post-op demonstrated that silk scaffolds supported significant increases in bladder capacity, voided volume, and flow rate while maintaining similar degrees of compliance relative to the control group. These results provide evidence for the utility of gel spun silk-based matrices for functional bladder tissue engineering applications.
INTRODUCTION
The urinary bladder functions to store urine at low pressures and expel it under voluntary control. In various congenital and acquired disorders, the urinary tract is anatomically or functionally obstructed resulting in elevated risk for incontinence and kidney damage due to increased storage and voiding pressures. These conditions include posterior urethral valves, neurogenic bladder secondary to spina bifida or spinal cord injury, benign prostatic hyperplasia, bladder and cloacal exstrophy, and severe voiding dysfunction [1] . The urinary tract can also be compromised by malignancy, most commonly transitional cell carcinoma [2] . Surgical treatment of these pathologies requires bladder augmentation in the case of obstructive diseases [3] , or organ substitution following radical cystectomy for bladder cancer [4] . Currently, gastrointestinal segments including stomach, colon, and ileum are considered the gold standard for bladder reconstructive procedures [5] . However, significant complications including chronic urinary tract infection, metabolic abnormalities, urinary stone formation, bowel dysfunction, and secondary malignancies are associated with this approach [6, 7] .
To address these limitations and complications, bladder tissue engineering efforts have been aimed at deployment of a biocompatible scaffold capable of facilitating tissue regeneration. In order for complete bladder repair to occur, biomaterial configurations must support reconstitution of both the smooth muscle compartment as well as the urothelium to restore organ contractile and permeability functions, respectively [8, 9] . Previous studies have investigated the use of natural polymers such as small intestine submucosa (SIS) and bladder acellular matrix (BAM) as alternative biomaterials for bladder regeneration [10, 11] . Although these biomaterials contain endogenous growth factors and extracellular matrix cues which can enhance and accelerate defect healing [12, 13] , limitations in terms of their mechanical integrity and biocompatibility often result in deleterious fibrosis [14] , graft contracture [15] and calcification [16] . Biodegradable synthetic polymers such as those derived from poly-glycolic acid (PGA) and/or poly-lactic acid (PLA) have been reported to support de novo urothelial and smooth muscle tissue formation as well as preserve renal function following bladder integration [8, 17] . Unfortunately, these matrices elicit relatively strong inflammatory responses in vivo with the potential to retard defect consolidation and contribute to implant failure [18] . These limitations apply to both cell seeded and non-cell seeded biomaterial scaffolds, and whether cell seeding is ultimately necessary is an unanswered question. In either case, current biomaterials have demonstrated significant limitations, and there exists a critical need to develop and investigate novel scaffolds better suited to bladder functionality.
Polymeric systems derived from silk fibroin may serve as a potential option for use in bladder repair strategies. Silk-based biomaterials have been used previously in diverse tissue engineering applications including regeneration of musculoskeletal tissues and certain hollow organs [19, 20] . Plasticity in terms of silk processing methods allows for the construction of a variety of biodegradable [21] biomaterial configurations including films [22] , foams [23] , electrospun nanofibers [24] , hydrogels [25] , and woven and non woven meshes [26] . In particular, the process of gel spinning has been demonstrated to generate multi-laminate matrices organized from shear-induced fibers of aquesous silk fibroin [27] . This process allows for precise control over scaffold architecture, porosity, and composite features [27] . Gel spun silk matrices exhibit an exceptional combination of physical characteristics such as high tensile strength and degree of elasticity [27] that are potentially well suited to support bladder function. In the present study, we investigated the utility of non-cell seeded gel spun silk matrices in a murine model of bladder augmentation. Urodynamic and histological parameters were evaluated and compared with the performance of conventional augment biomaterials, PGA and SIS.
MATERIALS AND METHODS

Biomaterials
Silk tubes were formed using a previously described gel spinning technique [27] . Briefly, aqueous silk fibroin solutions were prepared from Bombyx mori silkworm cocoons using previously described procedures [28] . Tubes were then produced by spinning concentrated silk solutions (~25-40% (w/v) onto a rotating and axially reciprocating mandrel (6 mm in diameter). Using the custom gel spinning platform and program, tubes were spun at a rotational speed of 200 rpm and an axial speed of 2 mm/s. A 25G needle was used to spin 6-8 layers of silk onto the mandrel, before treating the tube with methanol to induce the transformation from amorphous liquid to the β-form silk fibroin conformation characterized by anti-parallel β-sheets [29] . The tube was then removed from the mandrel after briefly soaking in a surfactant solution. Tubular scaffolds were then bisected along their central axis, sterilized in 70% ethanol, rinsed in PBS, and subjected to surgical procedures detailed below. 3-D poly-glycolic acid woven meshes (PGA) (Concordia Fibers, Coventry, RI) and small intestine submucosa (SIS) (Cook Medical Inc., Bloomington, IN) scaffolds were evaluated in parallel as standard points of comparison since these biomaterials have been previously deployed in bladder augmentation approaches in both animal and human models [10, 17] .
Murine Bladder Augmentation
Biomaterials were evaluated in a bladder augmentation model utilizing an immunocompetent mouse strain (CD1, 6 weeks, 22-24g, Jackson Laboratories, Bar Harbor, ME) following IACUC approved protocols. A schematic of the various surgical stages performed during this procedure is detailed in Figure 1 . Briefly, animals were anesthetized using isoflurane inhalation and then shaved to expose the surgical site. A low midline laparotomy incision was then made and the underlying tissue (rectus muscle and peritoneum) was dissected free to expose the bladder. The anterior portion (immediately distal to the dome) of the bladder where the tissue construct was incorporated was marked with 7-0 nylon sutures in a square (1 cm 2 ) configuration. These sutures were used as holding sutures for the anastomosis of the biomaterials. A 1 cm 2 bladder defect was then created with fine scissors by cutting immediately inside of the holding sutures. Biomaterials were then integrated into the bladder defect using 7-0 polyglactin (Vicryl) continuous suture. A watertight seal was confirmed by filling the bladder with sterile saline via instillation through a 30 gauge hypodermic needle. Local injection of bupivicaine into the rectus muscle and subcutaneous tissue (<3 mg/kg of 0.25%) was administered during the closure. A total of 17 silk-based implants, 7 PGA matrices, and 6 SIS scaffolds were assessed independently for up to 70 d of implantation. At selected time points, animals were subjected to voided stain on paper (VSOP), cystometric, and/or histological analyses (Table 1) . A total of 12 non surgical control animals of equal size and weight were assessed in parallel.
VSOP Analysis
Conscious voiding function was studied utilizing a Voiding Stain on Paper technique previously described [30] . At 42 d of scaffold implantation, VSOP was used to analyze voided volume, voiding frequency, and voiding pattern. Mice were housed individually in metabolic cages for three hours between 2:00pm and 6:00pm with food pellets and water readily available. Cellulose filter paper (Whatman International Ltd, Grade 1) cut to 25 cm diameter was placed underneath the mesh floor of the cages to catch urinary voids. Voiding pattern was analyzed using an ultraviolet bioimaging system (Chemigenius 2, Syngene, Cambridge, UK). In order to calculate VSOP parameters, a calibration curve was generated using defined (Ward's Natural Science, Rochester, NY) and stained area on filter paper.
Murine Cystometric Analysis
Murine cystometric analyses were performed utilizing an open abdominal technique. Mice were anesthetized with intraperitoneal ketamine. A 1cm lower-midline incision was made and the bladder identified. The bladder was accessed with a 27G needle attached to a pressure transducer (ADInstruments, Colorado Springs, CO) and a Harvard 22 syringe pump (Harvard Apparatus, Holliston, MA). The pressure transducer was calibrated with a mercury manometer. Room temperature saline was infused at a rate of 1 ml/hr. Data was collected with a Bridge Amp and a Power Lab 4/30 (ADInstruments, Colorado Springs, CO) and analyzed with Lab Chart 6 (ADInstruments). After establishment of a regular voiding pattern, bladder compliance was determined by dividing the change in bladder pressure during filling over time between voids. Average peak voiding pressure was determined by the cystometrographic results. Saline was collected with each void and mean flow rate was determined by dividing the volume voided by the time for each individual void. Post-void residual was determined by bladder aspiration after voiding. Total bladder capacity was determined by adding voided volume to post-void residual. A total of 4 voiding cycles were analyzed per mouse to determine urodynamic parameters. Data for these measurements were analyzed by ANOVA with post-hoc Bonferroni testing using commercially available statistical software (StatPlus:mac 2008, AnalystSoft, Vancouver, BC). Statistically significant values were defined as p<0.05.
Histological and Immunohistochemical Analyses
Following various implantation periods, animals were euthanized by CO 2 asphyxiation and bladders were excised for standard histological processing. Briefly, organs were fixed in 10% neutral-buffered formalin, dehydrated in graded alcohols, and then embedded in paraffin in an axial orientation to capture the entire circumferential surface of the bladder with each section. Correct orientation (anterior vs posterior) within the paraffin block was determined by suture placement on the specimen. Sections (10 µm) were cut and then stained with hematoxylin and eosin or Masson's trichrome as previously described [31] . For immunohistochemical analysis, contractile smooth muscle markers such as α-actin, SM22α, and calponin as well as urothelial-associated proteins, uroplakins, were detected using the following primary antibodies: anti-α-actin 
RESULTS
Over the course of the 70 d implantation period, survival rates of the augmented animals varied between the scaffold groups prior to scheduled euthanasia. Bladder reconstruction with silk resulted in an 82% survival rate, similar to the 71% observed with PGA augmented animals, but substantially higher than SIS implants which exhibited only a 66% survival rate. A total of seven mice augmented with either silk (3), SIS (2), or PGA (2) died within the first post operative week. Post mortem analysis revealed urinary ascites as the probable cause of death in all animals examined except 1 silk augmented animal, which exhibited a bowel obstruction. Evidence of either scaffold perforation or dehiscence at the suture line between the implant and the native bladder wall was noted in all of subjects where urinary ascites was evident. The remaining augmented animals had an uneventful post-operative period. At the time of planned euthanasia, no signs of bladder calculi or mucus were observed within the implant groups following macroscopic examination.
The extent of bladder regeneration in augmented bladders was determined by hematoxylin and eosin (H&E) (Figure 2 ) and Masson's trichrome (MTS) analysis (Figure 3) . By 21 d, substantial connective tissue ingrowth from the border of the native bladder wall was evident along the periphery of the silk matrix and traversed the original defect site. The regenerated tissue was lined with a luminal transitional epithelium bordered by a lamina propria populated by fibroblastic cell populations. This compartment exhibited minimal eosin and MTS staining compared to the non surgical control reflecting sparse extracellular matrix (ECM) deposition potentially due to an immature state of repair. The presence of smooth muscle bundles was also evident around the outer layer of the consolidated tissue (pink: H&E; red: MTS); however at this point of regeneration, they were primarily concentrated at the border of surgical integration. The pattern of host tissue integration into the defect area varied among group replicates wherein 66% displayed entrapment of the silk matrix within the smooth muscle and lamina propria compartments (data not shown) while 33% exhibited a luminal orientation. Morphological characteristics of the bladder wall compartments were similar regardless of the orientation of the silk matrix within the regenerated tissue.
After 70 d post-op, higher levels of eosin (pink) and MTS (pink) staining were observed within the lamina propria of the regenerated tissue supported by the silk matrix indicating increases in ECM deposition in comparison to the 21 d group. The presence of smooth muscle bundles traversing the entire width of the defect site was also evident by prominent MTS staining (red), potentially reflecting a continued maturation of the regenerated tissue. The bulk of the silk matrices were still intact within defect sites following 70 d of implantation, however focal points of macrophage infiltration and scaffold fragmentation were observed among group replicates ( Figure 4 ). The distribution pattern of the silk implants located within the bladder wall or lumen was similar to the results observed in the 21 d group. A minimal acute inflammatory reaction was also noted at this time point by the presence of disperse eosinophil granulocytes bordering the silk implants ( Figure 4) . However, no evidence of a chronic inflammatory response or fibrosis was observed in this group.
Histological analysis of bladders augmented with SIS following 70 d of implantation demonstrated consolidation of the defect site with dense connective tissue (Figures 2 and 3) . The regenerated tissue exhibited a transitional epithelium similar in morphology to that observed in silk augmented bladders and nonsurgical controls. Bladder wall components consisted of an ECM-rich lamina propria populated with fibroblastic cells as well as a smooth muscle layer organized into bundles transversing the width of the original defect site. However, high levels of MTS staining (blue) were observed in the regenerated tissue dispersed between the smooth muscle fibers possibly indicative of fibrotic tissue (Figure 3 ). In contrast with the results observed with the silk scaffolds, the thickness of the SISmediated regenerated tissue was diminished in comparison to the residual native bladder wall. A mild chronic inflammatory reaction was also noted within the SIS augmented bladder wall consisting of aggregates of mononuclear cells mobilized to the implantation site ( Figure 4) .
In contrast to the results observed with silk, the extent of urothelial regeneration supported by the PGA scaffolds was much less developed, demonstrating hypoplastic basal and intermediate cell layers (Figures 2 and 3 ). In addition, the regenerated lamina propria and smooth muscle compartments supported by the PGA implants displayed higher levels of MTS (blue) staining and a more disorganized structure of ECM deposition indicative of fibrotic tissue formation (Figure 3) . A severe chronic inflammatory reaction was noted among PGA replicates demonstrating a foreign body response exemplified by the presence of multi-nuclear giant cells encapsulating the scaffold remnants within the bladder wall (Figure 4) . In contrast to the silk implants, the majority of the SIS and PGA matrices showed evidence of substantial degradation within the bladder wall, but residual matrix fragments were also dispersed predominantly within the lumen (Figures 2 and 3 ).
Immunohistochemical analysis revealed that over the course of the 70 d implantation period silk matrices supported a gradual progression of urothelial ( Figure 5 ) and smooth muscle maturation ( Figure 6 ). By 21 d post-op, the regenerated tissue displayed a transitional epithelium exhibiting prominent luminal uroplakin staining which increased in intensity and distribution throughout the basal and intermediate cell layers by 70 d of implantation. Similar levels of uroplakin staining were also observed throughout the urothelium of the regenerated tissue supported by the SIS. In contrast to the SIS and silk, uroplakin staining was disperse and discontinuous in the de novo urothelium facilitated by the PGA implants.
Our results also showed that smooth muscle bundles located on the periphery of the regenerated tissue supported by the silk implants stained positive for α-actin and SM22α protein expression, but predominantly negative for calponin following 21 d of implantation. By 70 d post-op, regenerated tissue supported by the silk matrix contained dense smooth muscle bundles traversing the entire width of the implant and exhibiting positive staining for α-actin, SM22α, and calponin. Similar degrees of contractile marker staining and distribution were observed within the SIS augmented bladders in comparison to the silk group at this time point. De novo tissue supported by the PGA implants exhibited smooth muscle bundles positive for α-actin protein expression, however SM22α and calponin expression was confined to dispersed submucosal fibroblastic populations. The formation of circular vessel structures positive for α-actin expression was detected within the regenerated tissue supported by silk implants following 21 d post-op and all three matrix groups at 70 d of implantation.
Functional analysis of augmented bladders was assessed by VSOP at 42 d of implantation.
There was a linear correlation between liquid volume and stained area on the filter paper within the range of 25-300 µl ( Figure 7A , y = 0.125x + 0.898, R 2 = 0.9979). Mice augmented with each scaffold type displayed voiding patterns similar to non surgical controls wherein micturition primarily occurred around the periphery of the filter paper ( Figure 7B ). The frequency of voids generated by the bladders implanted with silk was similar to the levels observed in the PGA group, but substantially higher than those observed in both the non surgical controls and SIS implants ( Figure 7C ). The amount of urine per void was similar in the non surgical controls, silk and PGA augmented bladders while the SIS implanted group displayed considerable increases in voided volume ( Figure 7D ). Following 70 d of biomaterial implantation, cystometric analysis was also performed in order to assess the extent of organ function ( Figure 8A and B) . The degree of compliance of the silk augmented bladders was found to be statistically similar to non surgical controls, while bladders repaired with SIS and PGA scaffolds displayed substantially attenuated levels by comparison. Bladder capacity and voided volumes significantly increased in all augmented groups in comparison to non surgical controls with animals implanted with silk displaying the highest levels of both parameters. In addition, silk augmented bladders exhibited significant increases in voiding flow rate in comparison to all other augmented groups and control animals.
DISCUSSION
Maintenance of urinary tract health is crucially dependent on the voiding and storage capacities of the urinary bladder. To treat a number of acquired and congenital abnormalities, bladder augmentation is needed to increase organ capacity thereby reducing elevated storage pressures and preserving renal function and continence. Limitations in conventional biomaterials utilized for bladder wall replacement prompted our investigation into the efficacy of silk fibroin-based matrices as a potential alternative.
Traditionally, the use of silk sutures in bladder reconstruction has been associated with deleterious consequences including inflammation [32] and urinary calculi [33] . Various commercialgrade sutures, however, are composed of raw silk fibers [19, 34] which are known to contain sericin, a residual glue-like protein which constitutes the major antigenic properties of silk [35] [36] [37] [38] . In the present study, processing steps inherent to the production of soluble silk fibroin used during the gel spinning technique minimizes the presence of sericin through the use of repetitive washing cycles with sodium carbonate solution [35, 39, 40] . Histological observations of the defect site augmented with gel spun silk matrices demonstrated a mild acute inflammatory reaction, but no evidence of foreign body response or urinary stone formation. These features are in stark contrast to silk sutures which routinely elicit this type of chronic inflammatory reaction resulting in implant calcification [33] .
The results of the present study demonstrate the potential of gel spun silk scaffolds to support murine bladder tissue regeneration. In comparison to conventional matrices such as SIS and PGA, survival rates of animals following silk implantation showed lower degrees of morbidity associated with the procedure. Since premature death following biomaterial incorporation was routinely associated with urinary ascites due to scaffold perforation or dehiscence at the integration site, these data suggest that gel spun silk configurations may offer an advantage over conventional biomaterials due their ability to support increased mechanical stability of the defect site. Although rupture of augmented bladders has a relatively low rate of incidence following enterocystoplasty in patients at approximately 8.6% according to a study by Metcalfe and colleagues [41] , this complication represents a serious and life-threatening issue. Therefore the deployment of biomaterial designs which can minimize this risk, such as the silk matrices described here, may be of potential clinical value.
Histological and immunohistochemical analysis revealed that silk scaffolds were capable of supporting urothelial formation and maturation along the defect site. By 21 d of implantation, the formation of a transitional urothelium lining the lumen of the regenerated tissue was noted with a gradual increase in the degree and distribution of uroplakin expression up to 70 d following implantation. These results were comparable to non surgical controls and SIS augmented bladders. The presence of urothelium at defect sites has been reported to occur within 2 to 4 weeks following SIS bladder augmentation in a variety of animal models [42, 43] . Uroplakin expression and subsequent asymmetrical unit membrane formation is essential for the maintenance of the urothelial permeability barrier [44] . The ability of silk scaffolds to support host tissue re-epithelialization of the defect site represents a critical feature of this biomaterial configuration for use in bladder reconstructive procedures. In comparison to PGA augmented bladders, silk scaffolds demonstrated a more robust and continuous urothelial layer. Chronic inflammatory responses, as noted in the PGA implants, are known to attenuate uroplakin expression and disrupt barrier function [45] and therefore their presence may explain the results seen in the present study.
Silk matrices also supported de novo formation of a lamina propria and smooth muscle layer within the defect site. Maturation of the smooth muscle compartment was evident with α-actin and SM22α expression at the periphery of the silk implant by 21 d with a progression to thick smooth muscle bundles traversing the defect site and displaying robust calponin expression by 70 d post-op. The ability of smooth muscle cells to mediate voiding functions of the urinary bladder is intimately dependent on their expression of contractile protein machinery [46.47] . In comparison to silk scaffolds, the SIS regenerated tissue contained smooth muscle bundles stained similarly for contractile proteins, however evidence of fibrosis and an attenuated width suggested an immature state of repair. Previous studies have reported smooth muscle bundle formation in SIS augmented bladders between 8-12 weeks of implantation depending on the model system [42, 43] , results consistent with observations in the present study.
In comparison to silk matrices, the smooth muscle compartment reconstituted by the PGA augments displayed smooth muscle bundles expressing α-actin, however SM22α and calponin expression was localized to submucosal cell populations surrounding fibrotic tissue indicative of the presence of myofibroblasts at the defect site [48, 49] . The reduced width of the regenerated tissue may also reflect the immature state of repair supported by the PGA implants in comparison to the silk matrices. The exact mechanisms of bladder smooth muscle regeneration supported by silk scaffolds are currently unknown. However, previous studies have demonstrated that restoration is linked to epithelial interactions, transdifferentiation of fibroblasts into phenotypic SMCs, or dedifferentiation and migration of peripheral SMCs from the host bladder wall into the defect site [50] [51] [52] . Future studies will focus on identifying the crucial regulatory processes responsible for promoting bladder tissue formation following augmentation.
A relatively slow rate of silk scaffold resorption was observed in comparison to SIS and PGA implants. Slow scaffold resorption can increase the risk of urinary stone formation over time [53] . However, the rapid rate of SIS and PGA degradation may have contributed to the relatively immature state of repair due to insufficient mechanical support during ingrowth of bladder wall components into the defect site. Future long-term studies will be required to verify the ability of silk scaffolds to completely degrade and be fully replaced with de novo host tissue. Adjustments in gel spinning post-winding parameters to include lyophilization may be a potential option to enhance tissue infiltration and degradation due its ability to promote increased degrees of porosity within the scaffold architecture [27] . [54] . Since histological analysis revealed an incomplete state of urothelial regeneration at 70 d post-op in PGA augmented bladders, this feature may be responsible for the increased level of voids observed at this earlier time point. Voiding patterns for silk augmented bladders were similar to the results obtained with the PGA group and therefore may also reflect an immature state of urothelial repair at this stage of regeneration.
The "gold standard" of recovery following bladder augmentation is a regenerated organ which displays (1) increases in bladder capacity sufficient to preserve renal function and continence, (2) bladder wall compliance comparable to non-diseased counterparts to allow for adequate elasticity for voiding and urine storage, and in appropriate patients, (3) a non occluded urinary outlet which allows for sufficient evacuation during micturition. Cystometric evaluations of the various bladder augment groups revealed significantly different degrees of functional performance based on the evaluation of several urodynamic parameters at 70 d post-op. Compliance levels of silk augmented bladders were found to be comparable to the non surgical control group. These results are consistent with the extent of structural organization and maturation of bladder wall components seen histologically and immunohistochemically in parallel analyses. By comparison, the low degree of compliance exhibited by the PGA and SIS augmented bladders is in agreement with the presence of fibrotic tissue remodeling and the immature state of the regenerated tissue observed histologically at this phase of implantation. While all matrix groups demonstrated increases in bladder capacity as well as voided volume in comparison to control animals, silk augmented bladders displayed the highest extent, possibly reflecting the increased compliance exhibited by the regenerated tissue. In addition, urinary flow rates showed a similar trend, wherein silk augmented bladders displayed the highest level over all other matrix groups. This feature is potentially due to the enhanced degree of tissue regeneration and maturation observed following silk implantation in comparison to augmentation with PGA and SIS matrices.
CONCLUSIONS
The results presented in this study provide the first evidence for the feasibility of gel spun silk matrices in bladder augmentation procedures. These scaffolds supported urothelial and smooth muscle regeneration and also led to increases in bladder capacity and voided volume in a murine model. In comparison to conventional augment matrices such as PGA and SIS, silk scaffolds demonstrated significant advantages including decreased animal mortality, enhanced tissue regeneration, lack of chronic inflammatory reactions, and improvements in functional performance. Future studies will focus on evaluating the utility of silk-based biomaterials in large animal models of bladder reconstruction. 
